The nanoparticles have been prepared and employed as excellent adsorbents for the sequestration of heavy metal ions and hazardous impurities from the aqueous media. The surface morphological, textural and structural properties of nanoparticles have been modified, which are capable and potentially useful for the remediation of metal ions. Several metals (oxides, doped, nanocomposites of Fe, Ti, Zn, SiO 2 , SiC, Mo, Co, Ni, Zr, Mn, Si, S, Al, Cu, Ce, graphene, CNTs) were reported an efficient adsorbents for the removal of lead (Pb) ions from aqueous media and polluted water. The present review focuses on different kinds of nanoparticles such as metal oxides, carbon based and host supported employed for removal of Pb ions under varying experimental conditions such as pH, temperature, contact time and concentrations. The preparation strategies, physicochemical properties and adsorption are also discussed. Based on studies, it was found that the smart materials are affective adsorbents for the purification of wastewater containing Pb ions and could possibly extended for the remediation of other heavy metal ions.
Introduction
Due to rapid industrialization, the environment faces a serious problem of pollution with diverse types of pollutants. Among different types of pollutants, the pollution due to heavy metal ions is more serious since heavy metals are nonbiodegradable and accumulates in the body of living organisms and are responsible for health hazards to animals and human beings [1] [2] [3] [4] [5] . Among heavy metals, Pb(II) is one of the highly toxic metals [2, [6] [7] [8] [9] [10] [11] [12] [13] . Lead and its compounds are widely used in printing, storage batteries, fuel, plumbing, mining, automobile batteries, printing and various other industries which resultantly, released into water at elevated concentration in to the environment [14] . Exposure to lead Pb to various health issue i.e. nervous system, mental retardation, renal kidney disease, anemia and cancer [15] . Due to highly toxic nature of Pb, maximum contaminant level (MCL) for Pb is 0.015 mg/L in drinking water [16] . Therefore, the effective removal of lead is important from water system to clean up the environment. In this regard, adsorption is regarded as efficient technique for the adsorption of pollutants form polluted water. The industrial and agricultural wastes have been efficiently used for the removal of diverse types of pollutants form synthetic aqueous solution and industrial wastewater [6] [7] [8] [17] [18] [19] [20] [21] [22] i.e. crab shell, activated carbon, zeolite, fly ash, coconut shell, rice husk and others have been successfully used as an efficient adsorbents [23] . However, the application of nanomaterials (smart materials) attracted the attention of scientific community as adsorbents. There are various techniques employed for the synthesis of advanced materials, which have been employed as an adsorbents and photocatalysts [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . The adsorption is simple process, low cost and efficiency is high and is preferred for the remediation of pollutants.
The nanotechnology attained much attention in recent years and various types of adsorbents have been developed for the fabrication of smart material with variable structural and morphologies diversity i.e. nano (spheres, sheets, tubes, rods, belts, wires, flower, stars, cubes, combs, needles, rings) and others [38] [39] [40] [41] . At nanoscale materials exhibit magical properties because of their large surface area to volume ratio which enhance the activity versus bulk materials [42] . Thus at nanoscale, nanoparticles exhibit different electrical, optical and magnetic properties than their normal size equivalents [43] . However, due to very small size, nanoparticles exhibit high surface energy which inevitably leads to the poor stability as particles agglomerated due to Van der Waals or other interactions, which consequently reduces the selectivity and efficiency. Hence, for the improvement of applicability of nanostructures, the surfaces were modified with different materials such as natural materials, activated carbon and synthetic polymer and resultantly, the nanocomposites showed better performance. Appropriate modifications onto surface of nanoparticles enhance the selectivity and consequently, enhances the efficiency of nanomaterial's [44, 45] . The average surface area, particle size, surface area and pore volume of smart material employed for adsorption purposes are shown in Table 1 . Different types of nanoparticles and nanocomposites (Fe, Ti, Zn, SiO 2 , SiC, Mo, Co, Ni, Zr, Mn, Si, S, Al, Cu, Ce, graphene, CNTs) have been reported for the removal of Pb ions from aqueous media. Thus, this review was undertaken to discuss nanomaterial's utilized for the removal of Pb ions from aqueous media under varying experimental conditions such as pH, temperature, contact time and concentration. Moreover, synthesis, sorption capacity, sorption mechanism and recycling ability for reusability of nanoparticles and nanocomposites are also discussed.
Metal oxide nanoparticles
Adsorbents based on metal oxide nanoparticles (MONPs) such as ferric oxides, aluminum oxide, zinc oxides, titanium oxide, cerium oxide, and manganese oxide have been studied widely as adsorbents for Pb adsorption and MONPs exhibit high sorption capacities and selectivity towards Pb. Hence, the application of MONPs for the remediation of Pb was suggested [46] [47] [48] [49] [50] [51] . The MONPs are prepared in different forms such as particles, wires, rods, tubes and others in stable, shapecontrolled, uniform size and monodisperse forms. However, the shape and size of MONPs was limiting factor, which affect the adsorption performance. Synthesis methods used for the synthesis of MONPs are categorized into two classes; physical approaches including arc discharge, inert gas condensation, ultrasound shot peening, ion sputtering, spray pyrolysis, laser ablation and high-energy ball milling. Chemical approaches include co-precipitation, reduction, solvothermal, chemical vapor condensation, liquid flame spray, reverse micelle (or microemulsion), sonochemical, pulse electrode position, etc. [52] . Among these synthesis techniques, thermal decomposition and/or reduction [53] , co-precipitation [54] and hydrothermal [55] are widely used for the synthesis of MONPs due to their high yield and low cost. Recently, environmental friendly green synthesis approach also gained much importance for the synthesis of MONPs. This technique uses naturally occurring reagents such as plant extracts, sugars, vitamins, microorganisms and biodegradable polymers as capping and reducing agents. This technique employed nontoxic solvents, closed reactors and low temperature [56] .
Iron oxide nanoparticles
The iron oxide (magnetic) nanoparticles have been widely employed as adsorbent for removal of Pb ions from waste water due to low cost and ease in synthesis i.e. hematite (α-Fe 2 O 3 ), maghemite (γ-Fe 2 O 3 ), goethite (α-FeOOH), magnetite (Fe 3 O 4 ), amorphous hydrous Fe oxides and iron/iron oxide (Fe@FexOy) [57, 58] (Table 2) . Idris et al. [59] fabricated magnetic alginate beads consisting of maghemite (γ-Fe 2 O 3 ) nanoparticles embedded in alginate for the removal of Pb ions from wastewater. The maghemite nanoparticles were synthesized by coprecipitation method and then, mixed with sodium-alginate solution to form magnetic alginate beads having a diameter of 8.9464 nm and spherical morphology with an iron content of 0.119 mmol/g. Results showed removal of 95.2% of Pb ions at pH 7 within 2 h contact time. The amount of Pb ions adsorbed onto the magnetic bead was found to be 50 mg/g. Similarly, Li et al. [60] reported magnetic sodium alginate gel beads (Fe 3 O 4 @SA-Zr) by using zirconium(IV) as a crosslinking ions as adsorbent for the removal of Pb ions. The Fe 3 O 4 nanoparticles were synthesized by co-precipitation method and then, mixed with sodium-alginate solution. Adsorption followed Langmuir isotherm model with a maximum Pb ions adsorption capacity of 333.33 mg/g. Roy et al. [61] different synthesis methods are shown in Figure 2 . However, among the combustion methods, the highest percentage composition of magnetite was obtained by the microwave-assisted method (80%), 70% in case of glycine-nitrate method and in case of citrate-nitrate method, 60% magnetite was obtained. In combustion methods, the particle size was in the range of 37-52 nm and in case of coprecipitation, the particle size was in the range of 4-12 nm. The maximum Pb ions sorption was observed 617.3 mg/g for Pb at pH 7. Flame spray pyrolysis (FSP) technique was successfully employed to synthesize super paramagnetic maghemite (γ-Fe 2 O 3 ) nanoparticles (NPs) with controllable morphology. The physico-chemical properties were determined using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM), selected area electron diffraction patterns (SAED), SEM-EDX and scanning electron microscopy (SEM). Elemental contents before and after adsorption were identified using energy dispersive X-ray fluorescence (ED-XRF), energy dispersive X-ray analysis (EDX) and elemental mapping. The adsorption study using γ-Fe 2 O 3 NPs synthesized by FSP to successfully remediate Pb ions from water is reported. An optimum pH of 5.0 was studied for Pb ions removal. The removal methodology for Pb ions by these maghemite NPs were presented and it was highly pH-dependent. The electrostatic attractions were mainly responsible for the phenomenon of metal ion uptake and sorption kinetic was of pseudo-second-order. The maximum Langmuir adsorption capacities of these NPs were 68.9 mg/g at 45°C for Pb ions. Therefore, these maghemite NPs were readily prepared, characterized and showed promise for heavy metal ions remediation from aqueous solution [65] .
Another adsorbent, iron oxide nanoparticles along with A. fabrum strains compressed in calcium alginate, was employed for lead removal. The petroleum degrading strain was secluded from core samples from Assam Oilfield, India. Chemically synthesized Fe 3 O 4 MNPs (10-20 nm) by co-precipitation method were characterized. Vibrating Sample Magnetometer (VSM) showed saturation magnetization of 46.6 emu g −1 , indicating super paramagnetic nature of synthesized
MNPs, which will help in separation of bio-sorbent after adsorption. Lead removal was studied using the bio-sorbent synthesized by immobilizing biomass and MNPs in calcium alginate beads at 200 rpm and 37°C, and the adsorption capacity was found to be maximum at pH 5.5. Adsorption kinetics was examined using pseudo first order, pseudo second order and intra-particle diffusion (IPD) models.
The maximum adsorption capacity of the synthesized bio-sorbent was found to be 197.02 mg/g [66] . Zincon-immobilized silica-coated magnetic Fe 3 O 4 nanoparticles (Zincon-Si-MNPs) as SPE medium was developed for the separation and preconcentration of trace lead in aqueous medium. Numerous parameters such as pH, extraction time, concentration and volume of eluent, sample volume, and influence of co-existing ions have been investigated in order to establish the optimum conditions for the determination of lead in combination with graphite furnace atomic absorption spectrometry (GFAAS). This method has been positively applied to the analysis of trace lead in natural and drinking water samples and the recoveries for the spiked samples were in the range of 84-104% [67] .
Fe 3 O 4 and α, γ FeOOH
Nassar [68] studied the adsorption mechanistic, equilibrium, kinetics and thermodynamic of Pb(II) ions present in waste water onto the Fe 3 O 4 nanoadsorbent, properties are shown in Tables 1 and 2 . Adsorption achieved equilibrium within 30 min because Fe 3 O 4 nanoadsorbent was a nonporous as confirmed by porosity and surface area measurements, here only external adsorption occurs and this type of adsorption requires less time to reach equilibrium. Maximum removal of 36 mg/g was observed at pH 5.5 and Freundlich model was the best-fitting model for the experimental data. Fe 3 O 4 magnetic nanoparticles (MNPs) modified with 3-aminopropyltriethoxysilane (APS), acrylic acid (AA) and crotonic acid (CA) have been employed for removal of heavy metals [69] . MNPs have cubic spine structures with diameter of 15-20 nm and remove metal ions efficiently at pH 5.5 (mechanism shown in Figure 3 ). Adsorption is dependent on pH as by changing pH, surface of adsorbent changed. At low pH, surface is covered by carboxyl groups and hence adsorption was low and when pH was increased, carboxyl groups changed into carboxylate anions and adsorption becomes maximum. Adsorption well represented by Langmuir model with monolayer capacity of 32.0, 39.4, 76.8, and 62.1 (mg/g) for Cd(II), Zn(II), Pb(II), and Cu(II), respectively. Venkateswarlu [70] reported recently, green synthesis of Fe 3 O 4 magnetic nanorods by using Punica Granatum rind ((fruit waste) extract as the reducing agent. Experimental procedure consists of mixing of FeCl 3 .6H 2 0 and sodium acetate with freshly prepared P. Granatum rind extract solution under stirring conditions. Batch adsorption experiments were done and the maximum adsorption capacity was found to be 46.18 mg/g at pH 5, temperature 301 K and dose 0.1 g/L best fitted to pseudo-second-order kinetic model rather than the pseudofirst-order kinetic model. Rahimi et al. [71] fabricated lepidocrocite (γ-FeOOH) and goethite (α-FeOOH) to investigate lead adsorption. Goethite was found to be more efficient adsorbent for lead removal having adsorption capacity (820.165 mg/g) 1.64 times higher than lepidocrocite (527.944 Lmg/g) at optimum conditions of, pH = 5.2 and C 0 = 5 mg/L.
Zero valent iorn nanoparticles
In recent years, nanoscale zero-valent iron has attracted much attention to remediate contaminated groundwater. The physicochemical properties of nZVI and its reductive capacity allow rapid decontamination of many pollutants in aqueous system. However, studies show that nZVI is often aggregated by Vander Waals forces which lead to decrease in their reactivity with contaminants. Hence, to improve nZVI dispersivity, various immobilization technologies are being developed such as guar gum stabilized nZVI, starch-stabilized nZVI, sodium carboxymethyl cellulose (CMC) immobilized nZVI, bentonite/iron nanoparticles [72] . Polyacrylic acid [73] , kaolin [72] and graphene sheets [74] modified nZVI composites have been reported for Lead removal from waste water. Zerovalent iron nanoparticles graphene composite (G-nZVI) synthesized by sodium borohydride reduction of iron chloride and graphene oxide and Nanoscale zerovalent iron coated with kaolin (K-nZVI) prepared by Fe(III) reduction method. It was found that K-nZVI has a larger specific surface area of 26.11 m 2 /g as compared to kaolin having surface area of 3.67 m 2 /g. At 50 mg/L of initial concentration of Pb ions, removal percentages for K-nZVI, nZVI and kaolin were found to be 97%, 51.2% and 6.7%, respectively. When initial concentration of Lead increased to 500 mg/L, the removal percentages for K-nZVI, nZVI and kaolin were 96.7%, 15.8% and 8.6%. Hence results showed that 5 g/L of K-nZVI could remove Pb(II) efficiently and optimum pH value ranges from 4 to 6 at contact time of 60 min. PAA-nZVI is prepared by reduction of iron sulfate via borohydride redactor. Adsorption data bet fitted with pseudo first-order kinetic model.
Amine and thiol functionalized magnetic nanoparticles
Porous solids due to large surface area possess a lot of commercial applications as an absorbent, catalyst and catalyst base. According to IUPAC definition, porous solids are classified according to their pore diameter as macro-porous, mesoporous and micro-porous [75] . To prevent agglomeration and enhance activity, surface of porous particles is usually modified by traditional functional groups, such as amino [76] , imidazole [77] , carboxylic [78] and thiol [79] . The introduction of amino group on the surface of MNPs as chelating layer usually done by two ways: direct synthesis or co-condensation [80] and post-modification or grafting [76] . Amine-functionalized mesoporous Fe 3 O 4 nanoparticles (AF-Fe 3 O 4 ) prepared by hydrothermal method have been reported for heavy metal ions removal [81] . The maximum adsorption capacities for Pb(II), Cd(II), and Cu(II) were found to be from 369.0 to 523.6 (mg/g) with removal of 98% of Cu(II), Cd(II) and Pb(II) in 50 mL of solution containing 5 mg/L metal ions at optimized conditions. Recently silica gel functionalized with thiol (−SH) group magnetic sorbents imprinted by Pb(II) ions (Fe 3 O 4 -SiO 2 -IIP) of size 140 nm has been prepared by ion imprinted technique followed by sol gel process using 3-mercaptopropyl trimethoxysilane (MPTS) as a functional monomer [82] . The ion imprinting technique has shown great potential towards synthesis of materials for removal of heavy metals ions pollutants selectively from waste water. Ion-imprinted polymers (IIP) show good chemical and thermal stability and prevent agglomeration. Adsorption of Lead is maximum at pH 7 and followed Langmuir adsorption isotherm with maximum adsorption capacity of 32.58 mg/g. Kinetic data obey pseudo-second order kinetic model. Sorbent shows high selectivity towards Lead could be regenerated by washing with HCl solution (aqueous) and hence is reusable and stable. Superparamagnetic iron oxide (Fe 3 O 4 ) nanoparticles with a surface functionalized by dimercaptosuccinic acid (DMSA) act as sorbent for toxic metals such as Hg, Ag, Pb, Cd, and Tl. These metals bind effectively to the DMSA ligands. And results shows that these nanoparticles removed 99 wt% of 1 mg/L Pb within a minute [83] .
El-Toni et al. [84] , fabricated amino group functionalized Mesoporous core shell silica spheres through soft templating method by using ultrasonic waves. 
Ceramic ferrites
In recent years, ceramic ferrites with structure MFe 2 O 4 (M: Co, Ca, Mn, Ni, Cu, Zn) have been investigated for their high magnetic permeability, corrosive and chemical stability [85, 86] . Andal and Buvaneswari [87] fabricated NiFe 2 O 4 nanoparticles for Lead ions removal. The experimental procedure involves mixing of ferric chloride and nickel chloride solution followed by addition of alginic acid solution. Finally gel was formed which calcined 100-1000°C to get NiFe 2 O 4 . Various parameters such as the pH, contact time and temperature were studied and maximum uptake was found to be at basic pH at a contact time of 1 h. Zhou et al. [88] manufactured a novel adsorbent for Pb(II) and tetrabromobisphenol A (TBBPA) removal from waste water composed of multiwalled carbon nanotubes (MWCNTs) coated with amino modified magnetic nanoparticles (MNP) (CoFe 2 O 4 -NH 2 ) prepared by polyol method. These nanocomposites further react with terephthalaldehyde followed by grafting of citosan on MNPs (MNP-CTS) via Schiff base reaction. MNP-CTS have diameter of 72.8 nm. Adsorption of TBBPA followed Freundlich isotherm while Langmuir model describes Pb(II) absorption well with maximum adsorption capacities of 140.1 and 42.48 for Pb ions and TBBPA, respectively. Kinetics obeys pseudo second order model and optimum pHs were found to be as pH 6.0 for Pb ions and pH 6.3 for TBBPA. Magnetic nanocomposites could be magnetically separable and regenerated by using 0.2 M NaOH solution.
Nickel oxide nanoparticles
Among transition metal oxides, bulk and nano size nickel oxide (NiO) have received great attention due to their wide range of applications in various fields, such as: fuel cell electrodes, battery cathodes, catalysis, gas sensor, electrochromic films, photovoltaic devices and magnetic materials. NiO nanoparticles, due to their quantum size and surface effects exhibit catalytic, electronic, optical, and magnetic properties that are significantly different than those of bulksized NiO particles [89] and hence also employed as adsorbent for removal of heavy metal pollutants. Khoshhesab et al. [90] , reported NiO nanoparticles of size 25 nm prepared by reactions of NH 4 HCO 3 solution with microsized NiO powder. Then urea was added to the reaction mixture under stirring and finally mixture was calcined at 400°C for 1 h to obtain NiO nanoparticles. The maximum adsorption capacity of the NiO nanoparticles obtained by Langmuir model is 62.5 mg/g which is about six times greater than for microsize NiO having adsorption capacity of 10.9 mg/g. NiO nanoparticles of size 28 nm prepared by co-precipitation methods have been reported for cadmium and lead ions removal from water [91] . Adsorption data well represented by pseudo second order kinetics and the maximum adsorption capacity based on Langmuir isotherms was 909 and 625 mg/g for Cd(II) and Pb(II) ions, respectively. While Positive values of ∆H°and ∆S°showed adsorption is endothermic in nature, and spontaneous. While Ossman [92] 
Copper oxide nanoparticles
CuO NPs are widely used in various applications such as in batteries, catalysis, heat transfer fluids, gas sensors, and solar energy (Table 3) . CuO crystal structures due to narrowband gap, giving useful photovoltaic and photocatalytic properties [93] and can also be employed as adsorbent to remove heavy metal ions. CuO nanostructures of various morphologies such as cluster, small rod, oval, leaves, porus have been prepared by using microwave radiation for adsorption of Pb(II) ions from water [94] and adsorption data followed pseudo-second-order kinetics and Langmuir isotherm model (Figure 4) . Similarly, CuO nanoparticles with hierarchical morphologies were used for Pb ions adsorption and CuO exhibited excellent performance for the removal of Pb(II) from aqueous solution. The Pb ions equilibrium adsorption data were best fitted by the Langmuir isothermal model, with the maximum adsorption capacity of 1428.5 mg/g and kinetics followed the pseudo-second-order kinetic and intra-particle diffusion models.
Results revealed that heavy metal ions can be effectively removed for wastewater cleanup [95] . Raul et al. [96] also reported CuO NPs for the adsorption of Pb(II) ions. The of rhombohedral CuO, with average diameter ∼5 nm, length extending up to 50 nm and BET surface area ∼52.57 m 2 /g removed the Pb ions >70% within the first 10 min contact time and attained >92% after 60 min contact time. The maximum sorption capacity of Pb(II) was recorded to be 3.31 mg/g at 298 K. The CuO was regenerated up to 82.2% using dilute acid, which can be reutilized for removal of Pb ions from aqueous medium.
Zinc oxide nanoparticles
ZnO is a semiconductor material having various applications in gas sensors, catalyst industry, solar cells, electrode materials, and electrochromic films [97] [98] [99] . ZnO particles have many hydroxyl groups which readily exchanged their protons with heavy metal ions in aqueous system [91, 100] and hence employed as promising adsorbent for pollutant removal and environmental remediation. Mesoporous ZnO with specific surface area of 15.75 m 2 /g and pore volume of 0.038 cm 3 /g have been synthesized by hydrothermal method as an adsorbents for the removal of Pb ions [101] . TEM analysis demonstrated the formation of nanorods having hexagonal crystal structure and porosity of structures were determined by nitrogen sorption. Maximum adsorption capacities of Cd(II) and Pb(II) were found to be 147.25 and 160.7 (mg/g), respectively. Similarly, ZnO nanoparticles of 40 nm size and specific surface area of 80.425 m 2 /g prepared by gel combustion method by using zinc nitrate hexahydrate was prepared and used for Pb ions adsorption [102] . Adsorption of Pb was maximum at lower concentration of Pb ions, which enhanced wehn adsorbent dosage was increased. The maximum adsorption capacity was found to be 26.109 mg/g at optimum pH of 4.0 was achieved. Kinetics of adsorption followed both Langmuir and Freundlich adsorption isotherm models.
Aluminium oxide nanoparticles
Alumina is a well-known classical adsorbent exists in various forms such as α-alumina and γ-alumina [103, 104] (Table 4) exhibit promising material as a solid-phase adsorbent due to their high mechanical properties, high surface area, and good resistivity to thermal degradation [105] [106] [107] . Alumina has been used for the removal of heavy metals like lead, nickel, and cadmium. But some heavy metal ions are poorly adsorbed on alumina. To deal with this problem, the surface of γ-Al 2 O 3 nanoparticles have been chemically or physically modified with certain functional groups having donor atoms such as nitrogen, phosphorus, oxygen, and sulfur. By immobilization of donor atoms at the surface of alumina, metal ion removal mechanism was totally changed. Now metal ions removed not only by the surface of alumina but also by the surface attraction or chemical bonding phenomenon of newly added chemicals [107] [108] [109] [110] [111] [112] . Gupta et al. [113] reported alumina-coated carbon nanotubes for Pb ions removal from industrial waste water. Adsorption study were done in batch mode and fixed bed mode. From XRD, SEM and FTIR analysis it was deduced that aluminum atoms aligned closer to the oxygen atom of the carbonyl group of MWCNTs and oxygen atoms of alumina aligned closer to the hydrogen atom of hydroxyl group of MWCNTs due the formation of hydrogen bonding. Nanotubes show an effective removal of lead at pH 3 and 7 and amount of removal of Pb ions increased by increasing contact time, agitation speed, and adsorbent dosage. Fixed-bed column experiments showed that adsorption of lead ions increases by increasing the thickness of the layer on column. By increasing thickness, surface area of adsorbent increases which provided more binding sites for adsorption of lead and hence efficiency is increased. But adsorption of Pb ions decreases by increasing flow rate due to decrease in retention time (Figure 5a, b) . Silica/alumina nanoparticles of size 50 nm prepared via sol-gel method by mixing of aluminum tri-secbutoxide (ASB) with isopropyl alcohol and tetraethyl orthosilicate (TEOS) with ethanol [114] was prepared. The sol gel method produced highly porous nanoparticles with large internal and external surface areas which in result increased metal ion adsorption. The surface of nanoparticles has silanol (Si-OH) and aluminol (Al-OH) groups which could be deprotonated under basic conditions, to give negative charge to the particles. Hence adsorptrion took place by cation exchange between the H + and Pb 2+ as shown in Eqs. 1 and 2.
Sodium dodecyl sulfate coated nano-alumina modified by 2,4-Dinitrophenylhydrazine (DNPH) have been fabricated for removal of heavy metal ions such as Cd(II), Pb(II), Cr(III), Ni(II), Co(II), and Mn(II) from water. Nanoadsorbent showed significantly higher adsorption capacities for Cd(II), Pb(II), and Cr(III), with maximum adsorption capacity of 83.33, 100.0, and 100.0 (mg/g), respectively [115] .
Titanium dioxide nanoparticles
Titanium dioxide is a transition metal oxide having many applications as, photoelectric conversion in solar cells, photocatalysis, gas sensor and antimicrobial coating. There are four known forms of TiO 2 exists in nature such as: brookite (orthorhombic), rutile (tetragonal), anatase (tetragonal), and TiO 2 (B) (monoclinic) [116] . Among all these, anatase crystalline form is well known because of its high photocatalytic activity which is attributed to its favorable band gap energy and strong oxidizing power. When surface of anatase is illuminated, several electrons and holes pairs are generated which further initiated chemical redox reactions at the surface of anatase due to the migration of electron hole pairs [117] . The electrons promote formation of hydroxyl functional groups at the interface between anatase surface and water and then these hydroxyl groups react with metal ions and hence increased adsorption rate. Due to these properties titanium dioxide nanoparticles could be applied as adsorbents for removal of heavy metal ions from water as at nanoscale titanium dioxide exhibit high surface area, high surface reactivity, more surface atoms, high suspension stability, and unique catalytic activity as compared to bulk titanium dioxide [118, 119] .
To enhance adsorption capacity and photocatalytic efficiency, surface of TiO 2 is modified by the addition of electron donors, noble-metal loading, incorporation of carbonate salts, anion doping, metal ion doping, dye sensitization, and polymers such as polystyrene, cellulose microspheres, and polyethylene oxide, etc. [120] [121] [122] [123] [124] [125] [126] . Sreekantan et al. [127] , synthesized copper incorporated titanium dioxide (TiO 2 ) nanotubes (SEM image, Figure 6 ) for Pb ions removal from water via wet impregnation technique, whereas Sharma and Lee [128] reported acrylamide (AM) doped TiO 2 nanocomposites (Ti-AM) prepared by sol gel method for Pb ions adsorption. Polymer doped nanocomposites showed higher adsorption capacity of 476.19 mg/g as compared to copper doped nanoparticles and anatase nanoadsorbent [129] . Rashidi et al. [130] studied the kinetics and thermodynamics of Pb ions removal from aqueous medium by using nanocrystalline TiO 2 which was prepared by hydrolysis of titanium tetrachloride. Adsorption followed pseudosecond order kinetic model and Freundlich model with maximum adsorption capacity of 132.458 mg/g.
Manganese oxide nanoparticles
Nanosized manganese oxides (NMnOs) has been widely used in advance materials batteries and waste water treatment as they exhibit adsorptive performance superior to its bulk counterpart because of its polymorphic structures and higher specific surface area [131] . Shihabudheen et al. [132] , synthesized cellulose-manganese oxide composite of size 5-10 nm (C-NMOC) for Pb ions removal from aqueous medium via impregnation of KMnO 4 solution into cellulose fiber which were reduced further by adding ethanol drop wise under stirring conditions. Then stirring was stopped after 15 min and mixture was kept at rest for 2 h. By increasing manganese loading from 0.39 to 4.64%, cellulose fibers changed their colour from golden brown to brownish black. This colour change indicated formation of C-NMOC. SEM analysis (Figure 7) showed that at lower Mn loading well dispersed manganese oxide particles are formed on the surface of cellulose but at higher Mn loading, the entire surface is modified with uniform coating. The effect of initial concentration of Lead ion and contact time showed rapid adsorption at start which gradually slowed down after achieving equilibrium at 60 min of contact time which is due to the presence of large active sites. Maximum uptake capacity for Lead was found to be as 80. made of polyethersulfone (PES) have been reported [133] . Batch adsorption experiments were conducted to study the behavior of PES/HMO membranes for Pb ions adsorption. As shown by FTIR spectra (Figure 8 ), peaks at 1650 and 3370 cm
represent −OH functional group which are responsible for metal ion adsorption. By increasing HMO nanoparticle in the PES membrane matrix, membrane pore size tended to decrease but membrane porosity increased. The highest uptake capacity was found to be 204.1 mg/g at pH 6-8.
Cerium oxide nanoparticles
Ceria is the most common rare earth metal oxide having many industrial applications such as UV blocking and shielding materials, catalysts, polishing materials, luminescence, gas sensors, fuel cells, and adsorbents [134] [135] [136] . A suspension of CeO 2 , Fe 3 O 4 and TiO 2 Nanoparticles (NPs) have been synthesized and used for ions removal [137] . Ceria nanoparticles were synthesized by oxidation of Ce 3+ from Ce(NO 3 ) 3 salt to Ce 4+ at basic pH using hexamethylenetetramine (HMT). Synthesized CeO 2 nanocrystals were further stabilized in aqueous solution with HMT reagent which forms double electrical layer to prevent agglomeration of nanoparticles. TEM image and XRD pattern revealed cubic fluorite structure of CeO 2 with average diameter of 12.4 nm. Batch adsorption experiments were done to evaluate adsorption mechanism and adsorption data followed pseudo-second-order kinetics (Table 5) . 
Silica nanoparticles
Silicate materials have been studied tremendously due to their special features such as high porosity, large surface area, low-cost and environmental friendliness. Mesoporous silica nanoparticles are unique versatile materials due to their low toxicity, tunable porosity, thermal and chemical stabilities, and compatibilities with other nanoparticles and thus considered as appropriate adsorbent for removal of environmental pollutants [138] . Silicon carbide (SiC) NPs were applied as a new solid phase adsorbent for pre-concentration of Pb ions. Pb(II) ions are adsorbed on SiC NPs, eluted with nitric acid and determined by flame atomic absorption spectrometry. The solid phase extraction (SPE) conditions were optimized. The calibration graph was linear in the range of 2-150 ng/mL (r = 0.9995) with a detection limit of 0.4 ng/mL. The relative standard deviation (RSD) for eight measurements of 20 ng/mL of Pb ions was 1.3%. The adsorption capacity was 156.2 mg/g of Pb ions. The method was applied to determination of Pb(II) in different samples [139] . Adsorbent containing silica nanpowder entrapped in calcium alginate have been reported for Pb ions removal [140] . Alginate is a natural polymer obtained from brown algae and has been used widely in immobilization studies because of their hydrophilicity, simple preparation, and high adsorption potential for removing target contaminants. EDX analysis revealed weight percent of Si, Ca, Na and Ca compounds within entrapped silica nanopowders as 38.67, 55.14, 3.33 and 2.86 (%), respectively and data indicates that major portion of the composite is composed of Si compounds which entrapped efficiently metal cations from aqueous solution. Adsorption obeyed pseudo-second order kinetic and Langmuir model with maximum sorption capacity of 83.33 mg/g. Nanocomposites of slica modified with XG-g-PAM (xanthan gum grafted with polyacrylamide) of size 10-20 nm was also synthesized by sol gel method and used for Pb removal [141] . Xanthan gum (XG) is a linear natural polymer consists of β-(1-4)-D-glucopyranose unit having a charged trisaccharide side chain on every alternate D-glucose residue. The polyacrylamide based water insoluble copolymers have been employed widely as adsorbents for removal of heavy metals. (XG-g-PAM/SiO 2 ) nanocmposites shows maximum sorption capacity of 537.634 mg/g. Different parameters were studied and it was found that maximum removal of Lead ions took place at 30°C, pH 5.5 and contact time of 120 min with agitation speed of 80 rpm from a solution of Pb ions having concentration 400 ppm. Similarly, Peng et al. [142] reported Fe 3 O 4 /silica-xanthan gum (XG) nanocomposite for effective removal and recovery of Pb 2+ from industrial wastewater. First magnetite (Fe 3 O 4 ) nanoparticles were prepared by co-precipitation method and then XG combined with silica immobilized on the surface of Fe 3 O 4 particles via sol-gel reaction process. Adsorption was studied in a batch mode and it followed pseudo second order kinetics. According to Langmuir isotherm, the maximum adsorption capacity at pH = 6 and 293 K was found to be 21.32 mg g −1 . Recovery of Pb ions was done by using 0.05 mol/L HCl. A tetrasulfide-functionalized silica sorbent manufactured by functionalization of silanol (SiOH) groups on the surface of silica with bis [3-(triethoxysilyl) propyl]tetrasulfide via a hydrothermalassisted surface grafting method was adopted for the removal Pb ions from aqueous medium [143] . Adsorption studies were done at pH range 2.7-9.5 at 25°C, time (5-60 min), concentrations (50-1000 mg/L), and temperature (25, 35 and 45°C) . Optimum pH was found to be in the range of 3.7-8.5. The Cd and Pb ions adsorbed by tetrasulfide-silica sorbent rapidly increased during the first 20 min very fastly and then gradually reached to equilibrium from 30 to 50 min. Kinetics data obeyed pseudo second-order kinetic model and Langmuir isotherm model with adsorption capacities of 22.3 and 46.3 mg/g for Cd 2+ and Pb 2+ ions, respectively. The thermodynamic study showed that adsorption process was spontaneous and endothermic in nature. Awual et al. [144] synthesized a novel adsorbent prepared by indirect immobilization of 4-ter-octyl-4-((phenyl)diazenyl)phenol on mesoporous silica for Pb ions sensing and removal from wastewater. The adsorbent was active at neutral pH with maximum adsorption capacity 200.80 mg/g and detection limit of 0.12 g/L.
Carbon based nanoparticles
Activated carbon has been used widely as an adsorbent for the removal of organic and inorganic contaminants present in the water system. It has a high surface area that ranges from 500 to 1500 m 2 /g. The effectiveness of Activated carbon in cleaning up polluted water is due to the presence of a wide spectrum of surface functional groups and well developed porosity structure [145] . Due to development of nanotechnology Carbon based nanoparticles are employed as sorbent for pollutant removal due to their high sorption capacities and nontoxicity. Carbon based nanoparticles consists of carbon and are generally in the form of hollow spheres, or tubes. They includes: carbon nanotubes, graphene and fullerenes [146] .
Carbon nanotubes
Carbon nanotubes (CNTs) are the elongated fullerenes where the walls of the tubes are hexagonal carbons which are often capped at each end. There are two types of CNTs such as multi-walled carbon nanotubes (MWCNTs) and single walled carbon nanotubes (SWCNTs). Single walled carbon nanotubes (SWCNTs) consists of a single graphene cylinder while Multi-walled carbon nanotubes (MWCNTs) consists of two or more concentric cylindrical shells of graphene sheets arranged around a central hollow core with interlayer separations as in graphite [147] . Carbon nanotubes (CNTs) due to their physical, chemical, mechanical, optoelectronic, electronic, semiconductor, and unique structural properties, have been applied widely to remove heavy metal ion pollutants in wastewater treatment. Further, to enhance the adsorption capacities, CNTs are modified by oxidation [148, 149] , combining with other metal ions or metal oxides such as Al 2 O 3 [150] , and coupling with organic compounds [151] . Oxidized multiwalled carbon nanotubes for the removal of Pb ions from aqueous solution have been fabricated [152] . MWCNTs/MnO 2 composites [113, 153] have been fabricated for Pb ions removal from industrial waste water. Maximum removal of Pb ions was found to be at a pH 7-9 for MWCNTs/MnO 2 , while alumina-coated carbon nanotubes show an effective removal of Pb ions at pH 3-7. As SWCNTs show the most adsorption capability for Pb ions, so single-walled carbon nanotubes-doped walnut shell composite (SWCNTs/WSh) have been synthesized by immobilization of SWCNT particles on the surface of walnut shell. Walnut shell due to its porous structures, nontoxic nature, low cost, excellent mechanical and physical properties, and its widespread availability, can serve as an ideal immobilizing nanomaterial for heavy metal adsorption in environmental protection. Parameters such as solution pH, contact time, metal concentration, adsorbent dose, and temperature, were studied to optimize conditions and maximum Lead uptake was found to be 185.2 mg/g [154] . Ordered mesoporous carbons (OMCs) due to large surface area, large pore volume, unique pore size, and thermal and physicochemical stability are promising agents for pollutant removal. To enhance their functionality, acid-base stability, catalytic and hydrophilic properties, transition metal nanoparticles such as Co, Fe and Pt or nonmetal atoms of N and P are incorporated onto amorphous OMCs. The introduction of nonmetal heteroatom of N elements boosts their chelation with heavy metals or organic pollutants. Yang et al. [155] reported nitrogen-functionalized magnetic ordered mesoporous carbon (N-Fe/OMC) to investigate the removal behaviors of Pb ions and phenol from wastewater. It was assumed that, Pb ions was removed by direct adsorption onto the ordered mesoporous carbon pores on N-Fe/OMC.
Graphene
Graphene is a single or several atomic layered graphites having hexagonally bonded and sp 2 
Host supported nanoparticles

Polymer supported ion exchangers
In recent years, porous polymeric cation/anion exchangers were employed as host materials for metal oxides loading. Commonly, D-001 (a polystyrenesulfone cation exchanger) was selected as a support material because of the Donnan membrane effect caused by negatively charged sulfonic acid groups bound on the exchanger matrix which facilitates and enhance preconcentration and permeation of the trace target metal ion [163] . By impregnating cation-exchange resin D-001with hydrated Fe(III) oxide (HFO) nanoparticles, titanium phosphate (TiP) nanoparticles, and hydrous manganese dioxide (HMO) nanoparticles, new sorbents HFO-001 [164] (Figure 10 ), TiP-001 [119] and HMO-001 [163] have been developed. Adsorption mechanism was pH dependent and optimum pH for all three sorbent was found to be within 4-5. HMO-001 exhibited more favorable lead adsorption with maximum adsorption capacity of 395 mg/g.
Natural polymer based nanoparticles
Chitosan a biopolymer is a de-acetylated product of chitin obtained from the exoskeleton of shellfish. It is a linear polymer of β-(1, 4)-linked glucosamine units, having reactive amino and hydroxyl groups as chelation sites. These sites help in chelation of heavy metal ions with chitosan and thus chitosan is a suitable material to be used in heavy metal removal [165] . Chitosan nanoparticles synthesized by ionic gelation of chitosan and tripolyphosphate (CS-TPP) with size ranges from 40 to 100 nm for Lead removal from polluted water have been reported [166]. Adsorption data well represented by Langmuir isotherm model and maximum adsorption capacity was about 398 mg/g. By polymerizing methacrylic acid (MAA) with chitosan solution, Chitosan-MAA nanoparticles (CS-MAA) of size 10-70 nm have been reported as an adsorbent for Pb ions from aqueous solution [167] . The maximum adsorption capacity obtained by the Langmuir isotherm was found to be as 11.30 mg/g for Pb ions. Calcium phosphates, such as hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ), have been employed as a sorbent for Pb ions removal now a days due to their high thermodynamic stability which did not allow release of Pb ions into the environment. Hence hydroxyapatite (HAP) based sorbents have been prepared by alkaline residue obtained from Soda Ash plants containing calcium sulfate, calcium carbonate and other substances [168] . HAP shows 8.9 times higher adsorption capacity for Pb ions than activated carbon. Maximum adsorption capacity obtained by Langmuir isotherm was found to be 1429 mg/g, and kinetics of adsorption obeyed pseudo second order kinetic model. Similarly, by incorporating hydroxyapatite into chitosan solution, chitosan/Fe-substituted hydroxyapatite nanocomposite beads have been prepared for the removal of Pb ions from aqueous medium [169] . Maximum adsorption capacity for Pb ions was recorded to be 1385 mg/g, respectively and adsorption agreed with Langmuir adsorption model. In another study, nanodiamond/MoS 2 nanorod composite was prepared by hydrothermal method and its application as adsorbent Pb ions was checked. The sorption capacity of synthesized of adsorbent for Pb ions was 19.87 mg/g [170] . 
Natural diatomaceous earth based nanoparticles
Adsorption of Pb ions on modified DE increased 6 times than unmodified DE which is due to the incorporation of nanocrystals of MnO 2 having large surface area to volume ratio. Adsorption data followed both Langmuir and Freundlich model well. Similarly, Alijani et al. [172] reported magnetic multiwalled carbon nanotubes/diatomite earth nanocomposites. First, diatomite support was prepared by using aluminum nitrate and diatomite via impregnation method and then CNTs were synthesized on the surface of diatomite as a substrate by chemical vapor deposition (CVD) of methane. The prepared composite was activated with HNO 3 solution and used as a sorbent for the removal of lead ions from aqueous solution. SEM image showed spherical-shaped particles having a pore size of 40-60 nm. Diatomite-CNTs composites have specific surface area of 15.26 m 2 /g and the pore volume of 0.055 cm 3 /g as observed by N 2 -BET method and showed the maximum adsorption capacity for pB ions of 60 mg/g within 10 min of contact time. The overview of literature revealed that smart materials (metal oxides, doped material and composites) are efficient materials for the adsorption of Pb form aqueous medium (Table 6 ). Under the current scenario of environmental pollution due to anthropogenic contamination of toxic material to the environment [7, 17-19, 21, 40, 174-201] , there is need to adopt the smart materials for the efficient remediation of heavy metal ions. 
Conclusion
Recent advances in nanoscale science and engineering providing new opportunities to develop more cost-effective and environmental friendly technologies for the treatment of wastewater. To date, a number of smart materials have been explored as highly efficient adsorbents for removal of Pb(II) ions from aqueous medium. The oxides, doped, nanocomposites of Fe, Ti, Zn, SiO 2 , SiC, Mo, Co, Ni, Zr, Mn, Si, S, Al, Cu, Ce, graphene, CNTs have been successfully employed for Pb(II) ions and this efficiency was due to enhanced physicochemical properties, affinity, unique structure and surface characteristics smart materials, which emerged as attractive for wastewater purification contain Pb(II) ions.
